Neutrino oscillations from a wide band beam of 16 GeV at CERN to LENA, a 50 kton liquid scintillator, at Pyhäsalmi mine 2288 km apart are simulated. The performance is very promising and this can be considered as a realistic alternative for the next long baseline experiment. Dierent performance factors and baselines are compared and the studied setup is found to be suciently close to a realistic optimum.
Introduction
LENA (Low Energy Neutrino Astronomy) has been proposed to study proton decay and low energy neutrinos from the Earth, the Sun and supernovae [1, 2, 3, 4, 5, 6, 7, 8] . It is a large volume liquid scintillator with a nominal mass of 50 kton, at the current design a hundred metres high and 30 m wide vertical cylinder with 13 000 phototubes.
Here is proposed to use LENA as the detector for a wide band beam from CERN. If LENA will be built for neutrino astronomy, not using it for beam would be a waste of opportunity.
It was recently postulated [9] (see also [10] ) that LENA may have a good tracking capacity and a reasonable energy resolution to be used for high energy neutrino experiments. Previously sub-GeV neutrinos from a beta beam have been simulated [11] . All the results are preliminary and a lot of more detailed studies both computational and experimental are required to dene the performance more accurately. Moreover, the performance of LENA will depend on its design, and it is very important to make clear whether to take the beam option into account in the planning.
A candidate site for LENA is 1444 m deep (4000 m.w.e.) Pyhäsalmi Mine in Central Finland. The proposed location for the detector is 1450 m deep (4000 m.w.e.), and the site provides very good logistical conditions. For low-energy measurements the absense of nuclear reactors nearby is an advantage. The baseline from CERN to Pyhäsalmi is 2288 km long.
Other sites being studied in LAGUNA [12] include Slanic (1544 km), Boulby (1050 km), Sierosczowicze (950 km), Canfranc (665 km), Umbria (630 km) and Frejus (130 km). Their feasibility is under study.
The density prole for the CERN-Pyhäsalmi baseline has been modelled well [13, 14] , and the accuracy of the average density can be taken 1 %. The density proles for other baselines have not been modelled, and they may be less accurate. Of these, the baseline towards Poland may be rather well modellable, but the baseline towards Romania is the most challenging, due to complicated mountain chains, and the accuracy will be worse.
2 Beams Figure 1 : The assumed spectrum used in these simulation, in units of ν/GeV m 2 POT at 1 km distance. The beam is taken as is, not optimised for any particular distance. The electron ux is taken just 1 % of this. Total neutrino number is 8 · 10
For the given distance of 2288 km the rst oscillation peak is seen at about 4.2 GeV, with the usual values for neutrino mixing. To see other peaks, energies 13 GeV are desired.
The most cost-eective beam would be a conventional wide band beam of 16 GeV. Such a beam could be produced by SPS (400 GeV), similarly as the CNGS beam but tuned for lower energies. Another alternative would be PS2 (50 GeV).
The cost of the beam, no more than O(100 MEUR), is marginal compared with a beta beam or a neutrino factory.
In this work I assume the neutrino spectrum as depicted in gure 1, adapted from simulations from Fermilab or BNL [15, 16] (also in line with some simulations for CNGS beam [17, 18, 19] ). This is just an ad hoc assumption, not optimised for anything. I take the total neutrino number to be 8 · 10 −4 ν/m 2 POT, and the beam power 3.3 · 10 20 POT/a or 1.5 MW. Running time is 5 + 5 years. The beam is the least accurately known experimental feature, and factor of 2 dierences may appear in the shape of the spectrum, depending on the design of the pion focusing system, and the beam power is subject to future decisions.
I consider only on-axis beam. While o-axis might give a slightly better energy spectrum, on the downside there will be more beam induced electron neutrino background. Further simulations should show whether a very small o-axis angle would be a viable compromise. Figure 2 : Sample plots of simulated oscillations with the 2288 km long beamline, for δ = π/2 and sin 2 2θ 13 = 10 −2.5 . The rst minimum is at 4.2 ± 0.3 GeV. Evidently a wide band beam 2-5 GeV would be optimum for this baseline.
Oscillations
I assume for the oscillation parameters the following values [20] :
the last to cover all octants. The errors to be used might be smaller than these: what we should use in simulations is the expected uncertainty at the time of analysis and not our present igrorance, but I cannot predict that any better. The signals in a wide band beam experiment are electron neutrino appearance and muon neutrino disapperance. Evidently the rst one gives stronger contribution.
It is known (see e.g. [21] ) that baselines 12002500 km are optimal for a few GeV wide band beam. Particularly, a baseline 20002500 km is best for mass hierarchy, while for CP-violation searches shorter baselines 1300 km have been considered to be slightly better (with xed beam, though). To resolve the θ 23 octant, baselines longer than 2000 km are required. For theta reach the optimum is between 1200 2300 depending on the CP angle. These prejudices of course are very sensitive to all assumptions on beam composition and detector mass and resolution.
For simulating the neutrino oscillation, the standard GLoBES toolback [22, 23] is used, embedded within an own code. The density accuracy is assumed to be 1%, unless otherwise stated. (Using other values for the density error showed no visible dierence for any plot.)
As usual:
• The θ-reach was studied comparing non-zero "true values" to "test values" with θ = 0, varying δ and marginalizing over all other parameters, taken into account dierent hierarchies.
• Mass hierarchy: I compared δm L > 0 and −δm L + δm S < 0, marginalising over all parameters.
• Range to observe CP-violation: I set δ to non-zero and compare with δ = 0 and and δ = π, marginalising over other parameters, with both hierarchies.
The plots are given for χ. The typical corresponence is 3σ → χ < 9, 2σ → χ < 4 and 1σ → χ < 1, as recommended in [24] . 4 Detector and performance 4.1 Description LENA has been proposed for low energy neutrino astronomy and proton decay. It is a 100 m high vertical detector, which is currently planned to consist of 1. 50 kton of liquid scintillator, in a tank with a radius of 12 m. Several liquids with dierent properties are being considered (e.g. PXE, LAB).
2. 20 kton of buer in 2 m wide layer around the scintillating oil. The buer is similar oil but without scintillating component. However, the light yield for high-energy particles is non-zero. Buer and scintillator are separated with a nylon vessel, and the buer is contained in a steel vessel.
3. 100 kton of water around the tank, to shield from neutrons.
These dimensions may still be changed a little, depending on the chosen liquids and the tank structure. There will be some 13 000 phototubes facing inwards, and about 1500 facing outwards to the shielding liquid. These numbers may be changed if smaller phototubes are used. The photocoverage might also be increased from 30 % up to 70 % if increasing the number of phototubes and using light collectors. The ducial mass of LENA is planned to be 50 kton. The ducial mass for high-energy neutrinos may dier from that for low-energy neutrinos. Particularly, the ducial volume decreases with longer tracks, and I assume the eciency to go linearly to zero from 3 GeV to 7 GeV for muons.
It may be possible to use the external water shielding for additional volume to track the highest-energy particles by Cherenkov light. Water might even be replaced by cheap scintillation oil. Also the 2 m buer will produce scintillation and Cherenlov light, albeit much less than the proper scintillator. The resolutions of the external buer and shield may, however, be substantially poorer than that of the internal ducial volume, depending on the instrumentation.
To study the dependence on the statistics I made several runs using the detector mass as a scaling variable. It should be understood that in those studies the varying ducial mass may include also variations in beam power, running time and detection eciency. For comparison I also study the case of horizontal layout, aligned with the beam. This is implemented by dierent eciency for high-energy muons.
Performance
The performance of LENA for measuring high-energy neutrinos is being studied, and some intermediate results were released recently [9] . It was found that LENA has a good tracking capacity, with an ability to distinguish and measure at least three tracks, if they are suciently long and well separated. To achieve this, however, we need a photodetection system with good multiphoton capacity and a fast scintillator.
The particle identication is very good. Lepton avor can be dened reliably, and there is a limited capacity to distinguish neutrinos from antineutrinos using dierent signatures of protons and neutrons, though only statistically due to related nuclear physics. The spatial and angular resolutions are also good, although for beam physics they have only indirect relevance.
The energy resolution is rather complicated. The light output can be measured in theory with accuracy 0.30.1 %, and allowing some desperfections or saturation in photosensors maybe still 1 %. Hence in practice most errors are due to deviations from linear response between energy loss and light emission. Other than the instrumental eects, the deviations may be due to:
1. Light attenuation within the scintillator depends on the position of the emission. A good positional resolution is needed.
2. Quenching i.e. reduced light yield for a large local energy deposit. The quenching is largest for non-relativistic particles, like protons and alphas. Good particle identication is necessary, as well as reliable recognition of all particles, including low-energy secondary particles.
3. Nuclear physics partly unavoidable.
Good understanding on the physics of the neutrino collision may improve the energy resolution, e.g. by taking into account correlations between incident neutrino energy and the energies and scattering angles of the scattered particles. I estimate for the errors in energy measurement:
1. Accuracy of the tracking analysis: assumed 1 % throughout the range.
2. Nuclear physics related to the scattering from a nucleon bound in carbon nucleus. This is not easily estimated, and as guidelines we may use the binding energy of last nucleon, 16.0 or 18.7 MeV, or Fermi energy of Fermi bag model, 37 MeV. Here I take the (1σ) uncertainty to be 20 MeV.
3. Other stochastic eects not taken into account, particularly related to hadrons and nuclear fractions, including neutrons. I take for it 1050 MeV √ E, depending on case.
Hence I assume, purpotedly optimistically, for the energy resolution for the dierent event categories:
Nevertheless, to study the dependence on the resolution, I repeat the studies with varying energy resolution, using a simple linear formula δE = αE with α a free (continuous) parameter.
For the background, I assume:
• Electron neutrino appearance channel: The 1 % beam contamination is dominant and completely unavoidable with any detector technology. Compared with this, the misidentication of lepton avor is negligible. Neutral current background (π 0 → γγ) is partly identiable and probably less than the beam background. However, the neutral current background depends a lot on the beam, particularly on its high-energy tail. As this is not known precisely, I just use the same values as for NOvA [25, 26] , i.e. 0.15 0.37 %.
• Muon neutrino disappearance channel: The neutrino beam has 2 % contamination of muon antineutrinos (or vice versa). By ecient particle reconstruction procedure the beam background may be reduced which is studied as an optional feature. Flavor misidentication is negligible, and also the charged pion production by neutral currents is probably less relevant though not completely ignorable.
The eciency for muon neutrinos is assumed 100 % and for electron neutrinos 90 %. A smaller overall eciency would count like decreasing the ducial mass of the detector. Figure 3 : The discovery range of the CP angle, with 50 kton LENA with standard performance at 2288 km baseline. The color maps the χ-values, so that the yellow areas are about 3σ, red 2σ and blue 1σ.
Results

CP Violation
Searching for the CP violation is the most important task of the long baseline study. As seen in Fig. 3, with 
= 0.1 is 67.5 %. The size of the detector (or beam power) is important, with 25 kton the performance is much worse (Fig. 4) , and larger sizes at least up to 300 kton improve the capacity signicantly but not drastically. An adequate energy resolution is very important (Fig. 5) , a resolution worse than 10 % spoils the performance. However, improving the resolution better than ve per cent does not give any signicant benet. I made some comparisons with dierent baselines. It was found that baselines 12003000 km are quite equal in performance, but shorter baselines suer from the poor determination of the mass hierarchy. A set of two baselines longer for mass hierarchy and shorter to scrutinize CP violation may be more optimal though not that realistic. The nextmost important (except possible surprises) is to dene the sign of δm 23 . The results are plotted in the gures 69. For a 50 kton detector at 2288 km one can dene the mass hierarchy up to angles sin 2 (2θ) > 10 −2 (for any δ), or sin 2 (2θ) > 2 · 10 −3 for the most optimal δ. The detector size 50100 kton is very good: Smaller detectors are limited by statistics and larger by systematics. It is hard to go beyond sin 2 (2θ) ∼ 2 · 10 −3 with any realistic size of the detector. At small θ 23 the beam background is the most constraining factor.
Mass hierarchy
When comparing dierent baselines (Fig. 8) , lengths 12003000 km perform quite similarly, but baselines shorter than 1000 km are signicantly worse. The optimal was 1600 km, but the small dierences may well be due to the assumed beam spectrum that was not optimised for anything.
The measurement of the mass hierarchy is rather weakly sensitive to the detector quality and orientation. The rejection of wrong sign muon background plays little role, and improving the energy resolution better than 5 % is irrelevant (Fig. 9 ). Here 1600 km looks the optimum, though baselines 14002500 km are quite equal. The dierences may be partly due to assumed ad hoc beam spectrum that peaks at 1.5 GeV, favouring lengths just below 1000 km. 
Mixing angles
With a 50 kton detector at Pyhäsalmi mine, the range to measure θ 13 extends to mixing angles up to sin 2 2θ 13 > 6 · 10 −3 for any δ. With the optimal delta one may reach sin 2 2θ 13 > 2 · 10 −3 . When comparing the performance with the ducial mass of the detector, we observe that there is a steep sharp rise after sin 2 (2θ) > 3·10 −3 and one cannot go much beyond that with any realistic detector using a realistic wide band beam. Reaching sin 2 (2θ) ∼ 10 −3 would require a 500 kton detector or an order-of-magnitude stronger beam.
Improved detector resolution or background rejection do not help much. A run without background (Fig. 12 ) reveals the bottleneck: the smaller angle performance is limited by the beam background. To study small angles one needs a cleaner beam, like a high-intensity beta beam or a neutrino factory.
The capacity to dene the octant appears very limited. This must be studied more. Because of this no octant was assumed for θ 23 but it was allowed to vary over π/4.
This long baseline experiment can signicantly improve the accuracy of θ 23 , as shown in Fig. 14. In the left a run with neutral current background set ten times larger than the default. A run without any neutral current background is not shown because it is almost equal to the default case. In the right side is a plot from a run with no background at all, not even beam background. While completely unphysical, this reveals that the beam background is the bottleneck for small angles. 
Case of large θ 13
By the time of this experiment running we should know the results of Double Chooz citeArdellier:2006mn. The sensitivity of Double Chooz is about sin 2 (2θ 13 ) ∼ 0.02. If Double Chooz measures θ 13 , we have very good potential to discover the CP violation. The mass hierarchy will be discovered unambiguously for even the most pessimistic detector setup.
More exactly, in the case of sin 2 (2θ 13 ) ∼ 0.03 (Fig. 15 ):
• The mass dierence ∆m 2 31 will be measured at precision of 0.04 · 10 −3 eV 2 (3σ).
• The angle θ 13 will be determined at good accuracy, ±0.2 for sin 2 (2θ 13 ).
• The angle θ 23 will be measured with good accuracy, ±0.05(3σ).
Conclusions
The results hint that LENA may be a very good option for a far detector of a wide band beam. Although the detector performance is not yet known very accurately, it is evidently sucient even with the most pessimistic assumptions, if the beam option is approriately taken into account in its design. The results are obvisously generalisable to other detectors with similar properties. It is evident that the detector mass 50100 kton is very good for this beam. Smaller detectors are statistically limited, larger systematically, by the beam background. Increasing the beam power or the detector size would be desired if the discovery of θ 13 or δ is just around the corner. If θ 13 is too small to see a trace of it, however, we would need another, cleaner beam (and only in that case).
For the wide band beam the vertical orientation is not a signicant burden, because the main signal is electron neutrinos with 23 m shower length. The vertical attitude is similar to removing a couple of ktons of ducial mass (probably like 510 kton further geometrical simulations necessary to quantify) and it is probably not worth the additional eort and increased cost to rerotate it horizontal. Moreover, it may be possible to regain substantial additional ducial volume (up to 120 kton) by using the buer and the external shield as additional active volumes.
The energy resolution of LENA even with the most pessimistic assumptions is sucient. Better resolution would not increase the performance signicantly. Poorer resolution (beyond 10 %), however, decreases the capacity, particularly for discovering the CP violation.
The identication capacity of LENA is evidently sucient to eliminate most of the detector-dependent background. As the dominant background is the beam contamination, the requirements for the detector are not excessive. The background due to lepton misidentication is ignorable. The neutral current background is important if it is above 1 % level. LENA may have some capacity to distinguish neutral current events (high-energy pions faking leptons), but the overall background level depends substantially on the beam spectrum which is not dened too well. While LENA may have some capacity to statistically discriminate neutrinos and antineutrinos, it has little relevance for the success of the expected discoveries (but that may be important for successive precision measurements).
The most unknown component of this study is the beam. The beam power and quality depend on the design of the horns and decay line as well as the decisions to upgrade the proton chain of CERN. Both upgraded PS and SPS would do.
The 2288 km long baseline is very powerful for studying the mass hierarchy and the CP violation. Other baselines longer than 1000 km will also perform ne, but the true optimum may depend on the beam spectrum and the detector performance.
We may conclude that LENA is an optimal detector for wide band beams. A wide band beam from CERN to LENA at Pyhäsalmi Mine is a logical and costeective choice for the next long baseline neutrino oscillation experiment, whatever is the result of Double Chooz. 
A.2 Horizontal vs vertical alignment
For the vertical orientation it is assumed that the eciency drops down at higher energies. Typically this is equivalent to reducing the ducial volume for energies higher than 3 GeV, down to zero at 7 GeV. For electron tracks the ducial volume is decreased by 510 kton. The relative cut would be smaller if the buer or shield could be used as additional ducial volume. That option has to be studied in more detail. A.4 Signicance of the reduction of the wrong-sign muon background
There may be some possibility to distinguish neutrinos from antineutrinos statistically. With lower energies this is more possible than higher. Here one case is with no distinguishion and the other for idealistic distinguishion, just for comparison. The dierence seems negligible, and hence the antineutrino identication is not used in other studies. A.5 Neutral current background For the last the performance is worse due to weaker sensitivity to mass hierarchy. All with 1% uncertainty in density prole.
